INTRODUCTION
============

Individual cancer cells can utilize two distinct and sometimes interconvertible modes of motility to migrate through diverse three-dimensional (3D) microenvironments for efficient invasion into the tumor stroma and circulatory system ([@B41]; [@B55]; [@B42]; [@B16]; [@B22]). Cells exhibiting an amoeboid mode of migration have a rounded morphology, lack or have limited cell--matrix adhesions and require Rho/ROCK-dependent actomyosin contractility, to promote the formation of membrane blebs, and thereby allowing cells to spatially navigate through voids in the extracellular matrix (ECM; [@B41]). On the other hand, cells exhibiting the mesenchymal mode of migration exhibit an elongated morphology, and generate Rac1-dependent protrusions and robust integrin-mediated cell--matrix adhesions that allow these cells to translocate along parallel arrays of ECM bundles ([@B42]). Additionally, mesenchymal cell migration is associated with matrix metalloproteinase (MMP)-driven matrix remodeling ([@B42]). Spontaneous interconversion between these two modes of migration termed "plasticity," allows certain tumor cell populations to adapt to local changes in the stromal ECM. Indeed, the matrix architecture in the microenvironment plays an important role in governing the 3D morphology of cancer cells, with loose and soft microenvironments favoring amoeboid-mediated migration, while stiffer and dense matrices favor mesenchymal morphologies ([@B24]) which have also been linked to increased tumor malignancy in vivo ([@B6]). Additionally, phenotypic plasticity is thought to be one of the primary ways by which more aggressive tumor cell types can evade MMP-targeted therapeutic interventions ([@B23]).

Several studies have reported the presence of amoeboid-like cells isolated from different human malignancies including lymphomas, leukemia, breast carcinomas, small-cell lung carcinomas, prostate carcinoma, metastatic sarcomas, and melanomas ([@B45]; [@B44]; [@B39]; [@B12]; [@B57]; [@B3]; [@B25]; [@B42]; [@B43]). Similarly, there is evidence for individual mesenchymal cancer cells obtained from fibrosarcomas, glioblastomas, and melanomas ([@B23]; [@B43]). A number of signaling proteins, for example, FilGAP, DOCK3, ARHGAP22, and GEF-H1, that impact the Rho family of GTPase activity have been identified as being important in the regulation of amoeboid and mesenchymal cancer cell morphology ([@B42]; [@B21]; [@B34]). Nevertheless, from diagnostic and a targeted therapy standpoint, it would be beneficial if the expression level of a specific protein(s) could be used as a predictor of cancer cell phenotype and their respective capacity to exhibit phenotypic plasticity.

Our previous work, using the MDA-MB-231 breast cancer cell line has implicated the closely related focal adhesion proteins, Hic-5 and paxillin, as critical determinants of tumor cell morphology and plasticity ([@B16]). At focal adhesions, Hic-5 and paxillin are molecular scaffolds that respond to the changes in integrin-ECM signaling by coordinating protein--protein interactions, ultimately leading to the remodeling of the cytoskeleton and facilitating cell migration ([@B14]). Experimental manipulation of Hic-5 and paxillin levels using RNA interference (RNAi) or overexpression in the highly plastic MDA-MB-231 cells was shown to reciprocally influence the amoeboid and mesenchymal phenotypes, as well as the plasticity of these cells in 3D ECM and to inhibit their metastatic potential in vivo ([@B16]). In addition, Hic-5 is up-regulated during TGF-β--induced epithelial to mesenchymal transition to promote invasion ([@B36]), a process that is arguably also associated with increased tumor malignancy ([@B61]), suggesting that Hic-5 expression may serve as a prognostic indicator of tumor cell invasion strategies.

Herein, a comparison of the Hic-5 and paxilllin expression levels in various cancer cell lines revealed a striking correlation and causal relationship between the level of Hic-5 protein and 3D cancer cell morphology, plasticity, and invasiveness. By performing domain mapping of Hic-5 and paxillin, we identify key sites within Hic-5 and paxillin that are responsible for promoting distinct mesenchymal and amoeboid morphologies and we identify a critical role for vinculin activity in conjunction with Hic-5 expression in driving cells toward a mesenchymal mode of migration. Our data highlight the importance of Hic-5 expression as a key determinant of cancer cell invasive phenotype and plasticity and furthermore identifies Hic-5 as a prospective marker of tumor migration and invasion behavior that could potentially be used to formulate optimal treatment strategies.

RESULTS
=======

Expression of Hic-5 correlates with cancer cell morphology in 3D ECM invasiveness and phenotypic plasticity
-----------------------------------------------------------------------------------------------------------

MDA-MB-231 breast cancer cells typically exhibit both mesenchymal and amoeboid migratory phenotypes in 3D ECM and readily undergo switching between these two modes of migration. Our previous studies demonstrated that experimental manipulation of Hic-5 and paxillin levels in MDA-MB-231 breast cancer cells through RNAi or ectopic overexpression, reciprocally impacted cell morphology and attenuated invasion in 3D matrices ([@B16]). Interestingly, upon screening of a variety of additional cancer cell lines including melanoma (A375P), pancreatic cancer (AsPC-1, MIA-PaCa-2, and BxPC-3), fibrosarcoma (HT1080), and breast cancer (MDA-MB-231) cells, we found widely varying (greater than 10-fold) expression levels of Hic-5 ([Figure 1, A and B](#F1){ref-type="fig"}), while the levels of paxillin were more comparable in all lines tested (a less than twofold change; [Figure 1, A and C](#F1){ref-type="fig"}), resulting in a broad range of Hic-5:paxillin expression ratios ([Figure 1D](#F1){ref-type="fig"}). When plated on two-dimensional (2D) fibronectin-coated glass coverslips, all of the cell lines spread well and formed robust focal adhesions that occupied a comparable area per cell ([Figure 1, E and F](#F1){ref-type="fig"}), indicating functional integrin-mediated cell adhesion. Strikingly, however, when seeded into fibronectin-rich 3D cell-derived matrices (3D CDMs), the individual cell lines exhibited distinct morphologies that correlated closely with the relative expression level of Hic-5 ([Figure 1G](#F1){ref-type="fig"}). For example, cell lines that expressed low levels of endogenous Hic-5 (AsPC-1 and A375P) exhibited an ellipsoid or amoeboid morphology, while those with the highest levels of Hic-5 (HT1080 and MDA-MB-231) exhibited a predominantly elongated or mesenchymal morphology, interspersed with rounded or amoeboid cells resulting in a high average relative morphology index ([Figure 1, G and H](#F1){ref-type="fig"}).

![The expression of Hic-5 correlates with cancer cell morphology in 3D matrices. (A) Representative Western blot of the expression of Hic-5 and paxillin across various cancer cell lines. Quantitation of the relative expression of (B) Hic-5, (C) paxillin, and (D) Hic-5:paxillin ratio across the cancer lines. (E) Immunofluorescence images of the cancer cell lines plated on 2D fibronectin-coated glass coverslips. (F) Quantitation of the percent of cell area occupied by focal adhesions (*n* = at least 20 cells). Scale bar = 25 µm. (G) Phase contrast images of the cancer cell lines plated into 3D cell--derived matrices (CDMs). Scale bar = 50 µm. (H) Quantitation of the relative morphology index of the cancer cell lines relative to MDA-MB-231 cells (*n* = at least 40 cells). Data represent mean ± SEM of at least three independent experiments. One-way ANOVA using Dunnet's multiple comparison test was performed. \*, *p* \< 0.05; \*\*, *p* \< 0.01; and \*\*\*, *p* \< 0.001.](mbc-29-1704-g001){#F1}

We further investigated the migration rates of these cell lines on 3D CDMs and found that the low Hic-5--expressing cells (AsPC-1, A375P, and MIA-PaCa-2) had slow, but measurable migration velocities ([Figure 2, A and B](#F2){ref-type="fig"}), comparable to previous reports ([@B42]), while the high Hic-5--expressing cells migrated the fastest ([Figure 2, A and B](#F2){ref-type="fig"}). Additionally, directional persistence followed a similar, but less robust trend in relation to Hic-5 expression ([Figure 2C](#F2){ref-type="fig"}). The invasiveness of the cell lines, as measured by the capacity to migrate through dense 3D collagen--fibronectin plugs ([@B10]; [@B37]; [@B40]) also correlated positively with the relative Hic-5 to paxillin ratio, with cells having the highest Hic-5:paxillin ratios exhibiting the greatest invasive capacities ([Figure 2D](#F2){ref-type="fig"}). Furthermore, cell lines with the highest levels of Hic-5 exhibited a greater ability to spontaneously switch between the amoeboid and mesenchymal morphologies ([Figure 3, A and B](#F3){ref-type="fig"}). For example, real-time imaging of AsPC-1 cells, which have the lowest Hic-5:paxillin ratio, revealed a very limited ability (\<10%) to transition between phenotypes, with most cells remaining amoeboid throughout the assay. In contrast, HT1080 and MDA-MB-231 cells, which have the highest Hic-5:paxillin ratios, were more plastic, with the majority of cells (50--75%, respectively) transitioning frequently between the two phenotypes ([Figure 3, A and B](#F3){ref-type="fig"}). The connection between the relative Hic-5:paxillin expression ratio and cell plasticity is further supported by Pearson's correlation analysis ([Figure 3C](#F3){ref-type="fig"}).

![Hic-5 expression level correlates with 3D cell migration and in vitro invasiveness. (A) Representative migration tracks of the cancer cell lines migrating in 3D cell-derived matrices (CDMs) for a period of 16 h. (B) Velocity and (C) directionality of the cancer cell lines in 3D CDMs (*n* = at least 45 cells). (D) Images of the cancer cell lines invading through dense collagen/fibronectin gels. Data represent mean ± SEM of at least three independent experiments. One-way ANOVA using Dunnet's multiple comparison test was performed. \*, *p* \< 0.05; \*\*, *p* \< 0.01, and \*\*\*, *p* \< 0.001.](mbc-29-1704-g002){#F2}

![Hic-5 expression correlates with 3D morphological plasticity. (A) Phase contrast time-lapse images of the morphology in 3D cell-derived matrices (CDMs) of individual AsPC-1, HT1080, and MDA-MB-231 cells. (B) Quantitation of the percent of cells exhibiting spontaneous plasticity in each of the indicated cancer cell lines over a period of 16 h (*n* = at least 45 cells). (C) Correlation of the relative Hic-5 to paxillin expression ratio to spontaneous plasticity exhibited by the indicated cancer cell lines. Data represent mean ± SEM of at least three independent experiments. One-way ANOVA using Dunnet's multiple comparison test was performed. \*, *p* \< 0.05; \*\*, *p* \< 0.01; and \*\*\*, *p* \< 0.001.](mbc-29-1704-g003){#F3}

Together, these data indicate that the endogenous level of Hic-5 protein, combined with the Hic-5:paxillin ratio is a robust predictor of cancer cell morphology, phenotypic plasticity, and invasiveness in 3D matrices in a variety of cancer cell types including melanoma, pancreatic, fibrosarcoma, and breast cancer, while the same cell lines all exhibit similar morphologies on 2D substrates. Interestingly, we were unable to identify any cancer cell lines that lacked, or expressed very low levels of paxillin, suggesting that although it is not as robust an indicator of cell phenotype as Hic-5, paxillin nevertheless plays an essential role, in concert with Hic-5 in controlling 3D cancer morphology, migration, and plasticity as previously reported ([@B16]).

Hic-5 and paxillin inversely regulate morphology and one-dimensional migration on micropatterned substrates
-----------------------------------------------------------------------------------------------------------

The morphology and migration of cells on narrow micropatterned lines of fibronectin, described as one-dimensional (1D) migration, has been shown to resemble that of cells migrating in 3D ECM both in vitro and in vivo ([@B19]; [@B49]). When we plated the various cancer cells documented in [Figure 1](#F1){ref-type="fig"} on fibronectin-coated micropatterned lines, cell lines with the lowest levels of Hic-5 (AsPC-1 and A375P) were unable to spread effectively and had shorter cell lengths, while those with a higher Hic-5:paxillin ratio (HT1080 and MDA-MB-231) spread linearly along the narrow micropatterned lines ([Figure 4, A and B](#F4){ref-type="fig"}), consistent with their primary morphology when plated into 3D CDMs ([Figure 1G](#F1){ref-type="fig"}). Furthermore, RNAi knockdown of Hic-5 in MDA-MB-231 cells ([Figure 4, C and D](#F4){ref-type="fig"}) caused them to exhibit significantly shorter cell lengths on the micropatterned lines as compared with control RNAi-treated cells ([Figure 4, E and F](#F4){ref-type="fig"}). Conversely, knockdown of paxillin ([Figure 4, C and D](#F4){ref-type="fig"}) resulted in the cells becoming more elongated as compared with the control cells ([Figure 4, E and F](#F4){ref-type="fig"}), consistent with our previous results in 3D CDMs ([@B16]). Time-lapse imaging over 8 h indicated that although the control cells migrated unidirectionally on the lines of fibronectin, knockdown of either Hic-5 or paxillin reduced migration velocity ([Figure 4, G and H](#F4){ref-type="fig"}). Cells depleted of paxillin became "hypermesenchymal," as previously described in 3D CDMs ([@B16]), and had lower migration velocities. In contrast, cells with a knockdown of Hic-5 exhibited a unidirectional migration with lower migration velocities than controls ([Figure 4, G and H](#F4){ref-type="fig"}). Conversely, MDA-MB-231 cells overexpressing GFP-paxillin had shorter cell lengths and reduced adhesions, whereas those overexpressing GFP-Hic-5 were more elongated on the lines and formed GFP-Hic-5--positive adhesions ([Figure 4, I--K](#F4){ref-type="fig"}). These data indicate that Hic-5 and paxillin protein levels regulate cell morphology and 1D migration in a similar way to that observed in 3D ECMs and thus the micropatterned lines represent a useful, well-defined model system to further explore signaling mechanisms associated with 3D tumor cell migration.

![Hic-5 and paxillin inversely regulate cell morphology and one-dimensional (1D) migration on micropatterned substrates. (A) Representative images of various cancer cell lines on 5 μm fibronectin-coated micropatterned lines. Scale bar = 10 µm. (B) Quantitation of the average length of cells spread on the fibronectin lines (*n* = at least 80 cells). Data represent mean ± SEM of three independent experiments. One-way ANOVA using Dunnet's multiple comparison test was performed. (C) Western blot of cell lysates from RNAi-mediated knockdown of paxillin or Hic-5 in MDA-MB-231 cells. (D) Quantitation of the relative levels of paxillin or Hic-5 post siRNA treatment. (E) Immunofluorescence of MDA-MB-231 cells plated on the lines post RNAi-mediated knockdown. Scale bar = 10 µm. (F) Quantitation of the average length of MDA-MB-231 cells spread along the lines post RNAi-mediated knockdown using two different oligonucleotides for paxillin and Hic-5 (*n* = at least 100 cells). (G) Time-lapse images of 1D migration (top row) of paxillin or Hic-5 knockdown cells as compared with control MDA-MB-231 cells, over a period of 8 h, along with respective kymographs (bottom row). Scale bar = 20 µm. (H) Quantitation of the 1D migration velocity along the fibronectin lines post siRNA treatment (*n* = at least 20 cells). (I) Western blot of cell lysates of MDA-MB-231 cells expressing GFP, GFP-paxillin, or GFP-Hic-5. (J) Immunofluorescence imaging of cells expressing GFP, GFP-paxillin, or GFP-Hic-5 spread on fibronectin lines. Insets (and arrowhead) showing the presence of GFP-Hic-5--positive focal adhesions. Scale bar = 10 µm; inset = 5 µm. (K) Quantitation of average cell length of MDA-MB-231 cells expressing GFP, GFP-paxillin, or GFP-Hic-5 (*n* = at least 90 cells). Data represent mean ± SEM of at least three independent experiments. A two-tailed unpaired Student's *t* test was performed. \*, *p* \< 0.05; \*\*, *p* \< 0.01; and \*\*\*, *p* \< 0.001.](mbc-29-1704-g004){#F4}

Distinct LD domains and phosphorylation sites within Hic-5 and paxillin influence 3D morphologies
-------------------------------------------------------------------------------------------------

Hic-5 and paxillin share extensive homology, with both containing multiple N-terminal LD motifs and C-terminal LIM domains ([Figure 5, A and F](#F5){ref-type="fig"}; [@B48]; [@B51]; [@B7]). These motifs interact with a variety of shared and distinct proteins to coordinate the remodeling of the cytoskeleton and regulate cell migration ([@B7]; [@B15]). Hic-5 and paxillin also contain tyrosine phosphorylation sites Y38/60 and Y31/118, respectively, that are critical to their function by serving as binding sites for SH2-containing adapter and signaling proteins ([@B8]; [@B4]; [@B29]; [@B64]; [@B36]). To determine the sites within Hic-5 responsible for influencing the distinct 3D cell morphologies, we transiently expressed either GFP-Hic-5 or GFP-Hic-5 with single deletions in the LD1, LD2, or LD3 motifs, as well as a Y38/60F nonphosphorylatable mutant ([@B29]) in MDA-MB-231 cells ([Figure 5, A and B](#F5){ref-type="fig"}). MDA-MB-231 cells expressing these mutants were seeded into 3D CDMs, as well as onto micropatterned lines to evaluate their respective morphologies. When seeded on either substrate, cells overexpressing the full-length GFP-Hic-5 wild type (WT) were highly elongated or "hypermesenchymal" as compared with the GFP-expressing control cells ([Figure 5, C--E](#F5){ref-type="fig"}). However, cells overexpressing GFP-Hic-5 ∆LD1, ∆LD2, or ∆LD3 mutants were unable to replicate this hypermesenchymal phenotype ([Figure 5, D and E](#F5){ref-type="fig"}), indicating that these motifs are crucial for the ability of Hic-5 to regulate 3D/1D mesenchymal morphology. Additionally, cells expressing the Hic-5 nonphosphorylatable mutant Y38/60F also had a reduced ability to promote a hypermesenchymal phenotype in both 3D CDMs and on fibronectin lines ([Figure 5, D and E](#F5){ref-type="fig"}).

![Distinct LD motifs and phosphorylation sites within Hic-5 and paxillin influence 3D cancer cell morphology. (A) Schematic of Hic-5 domain structure indicating LD motifs and LIM domains, as well as the principal tyrosine phosphorylation sites. (B) Western blot of lysates of MDA-MB-231 cells expressing GFP, GFP-Hic-5 WT, GFP-Hic-5 ∆LD1, ∆LD2, ∆LD3, and the Y38/60 nonphosphorylatable mutants. (C) Immunofluorescence images of cells expressing GFP and GFP-Hic-5 WT in 3D CDMs. Inset showing GFP-Hic-5--positive adhesions. Scale bar = 10 µm. (D) Quantitation of the morphology index of cells expressing GFP-Hic-5 WT and mutants relative to the GFP-expressing cells (*n* = at least 30 cells). (E) Quantitation of the average cell length of cells expressing GFP-Hic-5 WT and mutants plated on fibronectin micropatterned lines (*n* = at least 30 cells). (F) Schematic of paxillin domain structure indicating LD motifs and LIM domains, as well as the principal tyrosine phosphorylation sites. (G) Western blot of lysates of MDA-MB-231 cells expressing GFP, GFP-paxillin WT, GFP-paxillin ∆LD1, ∆LD2, ∆LD4, and the Y31/118F nonphosphorylatable mutants. (H) Immunofluorescence images of cells expressing GFP and GFP-paxillin WT in 3D CDMs. Scale bar = 10 µm. (I) Quantitation of the morphology index of cells expressing GFP-paxillin WT and mutants relative to the GFP-expressing cells (*n* = at least 30 cells). (J) Quantitation of the average length of cells expressing GFP-paxillin WT and mutants plated on fibronectin-coated micropatterned lines (*n* = at least 30 cells). One-way ANOVA using Dunnet's multiple comparison test was performed. Data represent mean ± SEM of at least three independent experiments. \*, *p* \< 0.05; \*\*, *p* \< 0.01; and \*\*\*, *p* \< 0.001.](mbc-29-1704-g005){#F5}

A similar domain analysis was performed for paxillin by transiently expressing GFP-paxillin containing single deletions of LD1, LD2, and LD4 motifs as well as the Y31/118F nonphosphorylatable mutant ([@B4]; [@B30]; [@B64]) in MDA-MB-231 cells ([Figure 5, F and G](#F5){ref-type="fig"}). When seeded into 3D CDMs and on fibronectin-coated lines, cells overexpressing GFP-paxillin WT or the ∆LD1 mutant shifted toward a more rounded phenotype, as compared with GFP-expressing control cells ([Figure 5, H--J](#F5){ref-type="fig"}). However, cells expressing the GFP-paxillin ∆LD2 or ∆LD4 mutants were unable to promote this rounded phenotype ([Figure 5, I and J](#F5){ref-type="fig"}), suggesting that the paxillin LD2 and LD4 motifs regulate the switch to an amoeboid morphology, while the LD1 motif is dispensable. Furthermore, the paxillin Y31/118F nonphosphorylatable mutant was also unable to induce a more rounded phenotype ([Figure 5, I and J](#F5){ref-type="fig"}), indicating that phosphorylation of paxillin at Y31/118 is also necessary for paxillin to stimulate a mesenchymal to amoeboid transition. Importantly, these major changes in cell phenotype are specific for cells plated on 3D/1D matrices because all of the Hic-5, and paxillin mutants targeted as efficiently as the WT proteins to focal adhesions in cells spread onto a 2D fibronectin substrate, indicating that each mutant retained this critical aspect of their functionality (Supplemental Figure S1).

Ectopic expression of Hic-5 is sufficient to induce a mesenchymal phenotype and promote plasticity and invasion in A375MEA-3 melanoma cells
-------------------------------------------------------------------------------------------------------------------------------------------

To further explore the potential role of Hic-5 as a primary driver of cancer cell mesenchymal phenotype, we evaluated the ability of ectopically expressed GFP-Hic-5 to induce a change in 3D cell morphology when introduced into low Hic-5--expressing A375MEA-3 melanoma cells ([@B59]). A375MEA-3 cells, consistent with their low Hic-5 expression relative to MDA-MB-231 cells and a corresponding Hic-5:paxillin ratio of 0.28, typically display a primarily rounded morphology when plated into 3D CDMs, forming very few, small focal adhesions ([Figure 6, A--C](#F6){ref-type="fig"}, and unpublished data). GFP-expressing cells retained this rounded morphology when plated in 3D CDMs ([Figure 6D](#F6){ref-type="fig"}, top-left panel). In contrast, transient introduction of GFP-Hic-5 into the A375MEA-3 cells resulted in a significant increase in the percentage of cells that exhibited a more elongated, mesenchymal phenotype with prominent GFP-Hic-5--containing cell--ECM adhesions ([Figure 6, D--F and I](#F6){ref-type="fig"}). Furthermore, the propensity to exhibit plasticity and switch between phenotypes in 3D CDMs, as well as the ability of these cells to invade through Matrigel, also increased following the introduction of GFP-Hic-5 ([Figure 6, G, H, and J](#F6){ref-type="fig"}). Similar phenotypic changes were obtained following ectopic expression of GFP-Hic-5 in the A375P melanoma cell line (Supplemental Figure S2), which has a similar Hic-5:paxillin expression ratio of 0.24 ([Figure 1D](#F1){ref-type="fig"}). However, AsPC-1 cells, which have almost no detectable endogenous Hic-5 ([Figure 1A](#F1){ref-type="fig"}), were unresponsive to the introduction of Hic-5, suggesting that certain rounded/amoeboid cell lines have lost their capacity to form stable 3D adhesions. Importantly, as with the other cancer lines including the A375P and AsPC-1 cells, when plated on 2D substrates, A375MEA-3 cells expressing either GFP or GFP-Hic-5 WT, were able to spread equally well and both formed robust focal adhesions ([Figure 6D](#F6){ref-type="fig"}, right panels). To determine if the Hic-5 LD motifs and Y38/60 phosphorylation sites are also essential for driving a mesenchymal phenotype in this cell line as in the MDA-MB-231 cells, we transfected the A375MEA-3 cells with the respective GFP-Hic-5 constructs. In contrast to the GFP-Hic-5--expressing cells, cells expressing the LD deletion mutants, as well as the nonphosphorylatable mutant remained rounded and had lower abilities to switch phenotypes, similar to the parental cells ([Figure 6, I and J](#F6){ref-type="fig"}). It is well established that Rac1 activity is important for 3D mesenchymal cell motility ([@B42]) and Rac1 activity is modestly reduced in the rounded MDA-MB-231 cells following RNAi knockdown of Hic-5 ([@B16]). Accordingly, pharmacologic inhibition of Rac1 caused the GFP-Hic-5--expressing A375MEA-3 cells to revert back to an amoeboid phenotype ([Figure 6K](#F6){ref-type="fig"}). Together, these data indicate that Hic-5 overexpression in cell lines such as A375MEA-3 and A375P cells is sufficient to drive a shift toward a Rac1-mediated mesenchymal morphology in 3D ECM and to promote phenotypic plasticity and invasion. Furthermore, mutant analysis in MDA-MB-231 and A375MEA-3 cells indicates that the LD1, LD2, and LD3 motifs as well as the Y38/60 phosphorylation sites of Hic-5 are required for this behavior.

![Ectopic expression of Hic-5 is sufficient to induce a mesenchymal phenotype and promote plasticity and invasion in A375MEA-3 melanoma cells. (A) Representative phase contrast image of parental A375MEA-3 cells in 3D CDMs. Scale bar = 50 µm. (B) Western blot of lysates from A375MEA-3 vs. MDA-MB-231 cells showing respective levels of endogenous Hic-5, paxillin, and vinculin. (C) Quantitation of the morphology index of parental A375MEA-3 relative to MDA-MB-231 cells (*n* = at least 25 cells). (D) Images of A375MEA-3 cells expressing GFP or GFP-Hic-5 WT in 3D CDMs (left) and 2D fibronectin (right). Scale bar = 10 µm (left) and 25 µm (right). (E) Western blot of A375MEA-3 cells expressing GFP or GFP-Hic-5 WT. (F) Quantitation of the percentage of amoeboid or mesenchymal cells calculated based on their morphology index (*n* = at least 25 cells). (G) Phase contrast time-lapse images of the plasticity exhibited by the A375MEA-3 cells expressing GFP or GFP-Hic-5 WT over a period of 16 h. (H) Quantitation of the relative invasion through Matrigel of A375MEA-3 cells expressing GFP or GFP-Hic-5 WT (*n* = at least 200 cells). Data represent mean ± SEM of three independent experiments. A two-tailed unpaired Student's *t* test was performed. (I) Quantitation of the morphology index of A375MEA-3 cells expressing GFP-Hic-5 WT, ∆LD1, ∆LD2, ∆LD3, or Y38/60F nonphosphorylatable mutants, relative to GFP-expressing cells (*n* = 30 cells). The morphology index for the A375MEA-3 cells has been normalized to the morphology index of MDA-MB-231 cells. (J) Quantitation of the percentage of cells exhibiting plasticity over a period of 16 h (*n* = at least 25 cells). Data represent mean ± SEM of three independent experiments. A one-way ANOVA with Dunnet's multiple comparison test was used. (K) Quantitation of the relative morphology index of GFP-Hic-5 A375MEA-3 cells treated with vehicle or Rac1 inhibitor (*n* = at least 30 cells), normalized to the morphology index of MDA-MB-231 cells. Data represent mean ± SEM of three at least independent experiments. A two-tailed unpaired Student's *t* test was performed. \*, *p* \< 0.05; \*\*, *p* \< 0.01; and \*\*\*, *p* \< 0.001.](mbc-29-1704-g006){#F6}

The activity of vinculin is necessary for Hic-5--driven amoeboid to mesenchymal transition in 3D matrices
---------------------------------------------------------------------------------------------------------

Hic-5 and paxillin function primarily as adaptor proteins, with interactions between their respective LD motifs and tyrosine phosphorylation sites and various structural and signaling proteins controlling cytoskeletal remodeling ([@B7]; [@B15]). Interestingly, although they share several common LD binding partners such as FAK and vinculin ([@B54]; [@B8]; [@B4]; [@B48]), our mutation analysis ([Figure 5](#F5){ref-type="fig"}) indicated that deletion of their respective LD motifs resulted in drastically different 3D cell morphologies. We therefore performed proximity ligation assay (PLA) analysis to determine whether differential interactions with these two proteins could account for the observed phenotypes. Interestingly, although the number of PLA spots between Hic-5 and pY397FAK was lower than between paxillin and pY397FAK, in both amoeboid and mesenchymal cell phenotypes (unpublished data), there was no significant difference in the respective ratios (Supplemental Figure S3), indicating that the relative interaction of FAK with Hic-5 or paxillin did not change significantly in mesenchymal versus amoeboid cells and is therefore not likely to be the principal mechanism controlling 3D cell morphology. Unfortunately, attempts to perform PLA with the available vinculin antibodies were unsuccessful.

Previous reports indicate that vinculin can influence the directionality and persistence of mesenchymal cells migrating in 3D CDMs and collagen gels ([@B47]; [@B38]). However, the mechanism by which vinculin regulates 3D morphology is still not known. We therefore examined how the activity of vinculin might influence cancer cell phenotype and plasticity in 3D ECM downstream from Hic-5. Accordingly, YFP-tagged full-length vinculin (WT), a constitutively active talin-binding mutant (T12) and a mutant of vinculin with reduced affinity for talin (A50I; [@B31]) were each transiently expressed in MDA-MB-231 cells plated into 3D CDMs ([Figure 7, A--C](#F7){ref-type="fig"}). The active YFP-vinculin T12 mutant-expressing cells exhibited a predominantly hypermesenchymal phenotype ([Figure 7, B and D](#F7){ref-type="fig"}), had reduced plasticity ([Figure 7E](#F7){ref-type="fig"}), similar to Hic-5 overexpressing MDA-MB-231 cells ([Figure 4](#F4){ref-type="fig"}; [@B16]), and stimulated the formation of robust adhesions ([Figure 7B](#F7){ref-type="fig"}) that colocalized with Hic-5 (Supplemental Figure S4A, upper panel). In contrast, YFP-vinculin A50I-expressing MDA-MB-231 cells were predominantly rounded, had a reduced ability to switch phenotypes and also had shorter cell lengths on the fibronectin-coated micropatterned lines as compared with WT vinculin ([Figure 7, B and D--F](#F7){ref-type="fig"}). These data suggest that vinculin activation is required for promoting the formation and stabilization of adhesions in 3D and thereby promoting a mesenchymal phenotype in the MDA-MB-231 cells.

![The activity of vinculin in addition to interaction with Hic-5 drives the amoeboid to mesenchymal transition in cancer cells in 3D matrices. (A) Schematic showing vinculin head, neck, and tail domains, as well as the vinculin T12 and A50I mutants. (B) Images of MDA-MB-231 cells expressing YFP-vinculin WT, T12, or A50I mutants spread in 3D CDMs. Insets show distribution of YFP-vinculin WT, T12, and A50I within the cells. Scale bar = 20 µm. (C) Western blot of MDA-MB-231 cells expressing YFP-vinculin WT, T12, or A50I mutants. (D) Quantitation of the morphology index of MDA-MB-231 cells expressing YFP-vinculin T12 and A50I mutants relative to YFP-vinculin WT-expressing cells (*n* = at least 30 cells). (E) Quantitation of the percentage of cells exhibiting morphological plasticity over a period of 16 h (*n* = at least 30 cells). (F) Quantitation of cell length of MDA-MB-231 cells expressing YFP-vinculin WT, T12, or A50I spread on fibronectin-coated micropatterned lines (*n* = at least 30 cells). Data represent mean ± SEM of three independent experiments. A two-tailed unpaired Student's *t* test was performed. (G) Images of A37MEA-3 cells in 3D CDMs expressing YFP-vinculin mutants and RFP-Hic-5. Scale bar = 10 µm. (H) Quantitation of the morphology index of A375MEA-3 cells expressing YFP-vinculin mutants and RFP-Hic-5 (*n* = at least 25 cells). The morphology index for the A375MEA-3 cells has been normalized to the morphology index of MDA-MB-231 cells. Data represent mean ± SEM of at least three independent experiments. One-way ANOVA using Dunnet's multiple comparison test was performed. \*, *p* \< 0.05 and \*\*, *p* \< 0.01.](mbc-29-1704-g007){#F7}

Finally, to assess whether there is a causal relationship between Hic-5 expression and vinculin signaling, we evaluated whether overexpression of the active vinculin mutant was sufficient to stimulate a mesenchymal phenotype independent of Hic-5 by transiently transfecting the active YFP-vinculin T12 mutant into A375MEA-3 cells plated into 3D CDMs. Interestingly, unlike the MDA-MB-231 cells, which became hypermesenchymal with the expression of this mutant, the A375MEA-3 cells retained a predominantly rounded phenotype, but still formed robust focal adhesions ([Figure 7, G and H](#F7){ref-type="fig"}), indicating that active vinculin is not sufficient to promote a mesenchymal phenotype in the absence of sufficient Hic-5. A similar result was obtained following knockdown of Hic-5 in MDA-MB-231 cells along with expression of YFP-vinculin T12 mutant, further supporting this conclusion (Supplemental Figure S4). Additionally, A375MEA-3 cells coexpressing the YFP-vinculin A50I mutant along with RFP-Hic-5 retained their predominantly amoeboid morphology ([Figure 7, G and H](#F7){ref-type="fig"}). Given that Hic-5 cannot efficiently interact with vinculin A50I ([@B13]), the data support a mechanism by which interaction between Hic-5 and vinculin is necessary for Hic-5's ability to stimulate a 3D mesenchymal phenotype.

DISCUSSION
==========

Individual cancer cells can utilize either an amoeboid or a mesenchymal mode of migration to translocate through 3D matrices ([@B56]; [@B35]). Spontaneous switching between the two modes of migration or "plasticity" represents one of the primary reasons by which some highly invasive cancer cells can evade MMP-targeted therapeutic intervention ([@B23]). Hence, there is a clinical need to identify prognostic indicators of each mode of tumor cell migration and to decipher the fundamental mechanisms underlying phenotypic plasticity to help identify appropriate treatment options. We have previously shown that experimental manipulation of the respective levels of the closely related focal adhesion adaptor proteins paxillin and Hic-5 in the highly invasive MDA-MB-231 breast cancer cell line produces profound shifts in cell migratory phenotype, plasticity, and invasion in 3D matrix environments. Specifically, Hic-5 knockdown resulted in a predominantly rounded/amoeboid morphology, whereas paxillin depletion shifted the cells to a hypermesenchymal phenotype indicating that a balance of Hic-5 to paxillin expression and signaling was required ([@B16]). In the current study, we tested the hypothesis that the endogenous levels of these two proteins as well as their relative expression may be used to predict the predominant mode of 3D migration of different cancer cell populations.

Analysis of an array of cancer cell lines, derived from several different tumor types including melanoma, pancreatic, fibrosarcoma, and breast cancer revealed widely varying levels of Hic-5 expression, which closely corresponded to the cell line's respective 3D morphology and degree of invasiveness in vitro, whereas the level of paxillin across all cell lines was more constant ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). The cancer cell lines with the lowest endogenous Hic-5 levels and thus low Hic-5:paxillin ratio exhibited a predominantly rounded morphology and lacked the ability to switch effectively to the mesenchymal phenotype, whereas cell lines with the highest levels of Hic-5 expression and a correspondingly high Hic-5:paxillin ratio, presented with a mixture of amoeboid and mesenchymal morphologies and also exhibited the greatest capacity to undergo phenotypic amoeboid to mesenchymal switching and to invade through dense 3D collagen--fibronectin matrices ([Figures 1](#F1){ref-type="fig"}[](#F2){ref-type="fig"}--[3](#F3){ref-type="fig"}). Thus, we conclude that the level of Hic-5 can serve as a primary indicator of tumor cell migratory behavior and its increased expression drives the shift from an amoeboid toward a mesenchymal phenotype, facilitates plasticity and cancer cell invasiveness. In contrast, paxillin expression in and of itself is a relatively poor indicator of cancer cell phenotype, but nevertheless serves an essential role in enabling plasticity from mesenchymal to amoeboid morphologies. Indeed, to date we have been unable to identify any cancer cell lines that express either low levels or no paxillin in relation to Hic-5, perhaps because paxillin is required for long-term cell viability.

The formation and stabilization of integrin-based ECM adhesions is one of the main molecular mechanisms underlying an amoeboid to mesenchymal transition in 3D ([@B55]; [@B35]). Remarkably, the selective influence of Hic-5 expression on 3D cell morphology and associated formation of 3D adhesions ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}; [@B16]) does not carry over to a 2D matrix environment, where all cells examined exhibited a well-spread morphology with abundant focal adhesions regardless of their Hic-5 expression levels ([Figure 1](#F1){ref-type="fig"}), emphasizing a unique role for Hic-5 in 3D adhesion formation and stabilization. However, plating the cells on narrow, micropatterned "1D" lines of fibronectin, which has been reported to mimic 3D motility on ECM bundles ([@B19]), revealed a similar dependence on Hic-5 expression, with high Hic-5--expressing cells exhibiting a more elongated morphology and positive focal adhesion staining as compared with low endogenous Hic-5--expressing cells or MDA-MB-231 cells following Hic-5 RNAi knockdown ([Figure 4](#F4){ref-type="fig"}). Although paxillin is one of the earlier proteins to be recruited to 2D cell--ECM adhesion sites ([@B63]; [@B2]), based on our current observations, paxillin is clearly not sufficient to stimulate adhesion formation in the absence of Hic-5 in either a 3D ECM or on 1D micropatterned lines ([Figures 1](#F1){ref-type="fig"} and [4](#F4){ref-type="fig"}). Conversely, the mesenchymal to amoeboid switch most likely requires paxillin-dependent regulation of adhesion disassembly, most likely via regulation of FAK signaling, as we and others have previously reported ([@B64]; [@B16]).

Significantly, introduction of GFP-Hic-5 into A375MEA-3 or A375P melanoma cells, which both express low levels of endogenous Hic-5, was sufficient to cause a significant shift in their overall morphology toward a more mesenchymal phenotype, enabled more cells to exhibit plasticity, and stimulated invasion ([Figure 6](#F6){ref-type="fig"}). These data complement and extend previous observations linking Hic-5 up-regulation to increased cell invasiveness through the formation of matrix degrading invadopodia during epithelial to mesenchymal transition in response to TGF-β ([@B52]; [@B36]). This process is considered analogous to events associated with tumor progression and increased malignancy and raises the intriguing possibility that increased TGF-β secretion and signaling within the tumor microenvironment ([@B18]; [@B5]), for example by cancer associated fibroblasts (CAFs), could influence tumor cell malignancy by stimulating the tumor cells to increase Hic-5 expression. Interestingly, we have recently shown that Hic-5 is also up-regulated in the CAFs to promote stromal matrix deposition and remodeling, which can further influence tumor cell invasion via a non--cell autonomous manner ([@B27], [@B26]). Importantly, Hic-5 up-regulation has been linked with various human cancers including osteosarcoma, lung adenocarcinoma, as well as breast and prostate carcinomas ([@B33]; [@B1]; [@B32]; [@B27]). Further studies will be required to dissect the respective roles of Hic-5 up-regulation in the tumor cells versus the CAFs in determining patient outcome.

Paxillin and Hic-5 contain highly conserved LD motifs, phosphorylation sites, and LIM domains ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}) that function as docking sites for several signaling proteins, including FAK and vinculin ([@B51]; [@B7]). Through our domain mapping studies, we have now identified several of the LD motifs and tyrosine phosphorylation sites of both Hic-5 and paxillin as being required for their respective regulation of 3D cell morphology ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}), suggesting the involvement of multiple binding partners. Interestingly, although the PLA analysis demonstrated that active pY397FAK interacted with both Hic-5 and paxillin, we saw no significant shift in the ratio of their respective interactions in amoeboid versus mesenchymal cell phenotypes (Supplemental Figure S3), suggesting that differential binding of, or signaling through FAK-paxillin versus FAK-Hic-5 is unlikely to be the primary signaling axis that can account for the Hic-5--driven mesenchymal phenotype. Furthermore, our previous studies demonstrated that FAK inhibition in MDA-MB-231 cells produced a hypermesenchymal phenotype, comparable to paxillin depletion, with the formation of robust vinculin-positive adhesions ([@B13]), implicating vinculin rather than FAK in promoting a 3D mesenchymal morphology. Recently, we showed that Hic-5 interacts with tensin1 to promote fibrillar adhesion formation ([@B26]). Thus, the potential role of this interaction in Hic-5's ability to promote mesenchymal cell migration warrants further investigation.

The role of vinculin in regulating force transmission and strengthening of adhesions in 2D has been extensively studied ([@B11]; [@B31]; [@B20]). Importantly, although paxillin was previously found to interact with vinculin in Rac1-driven focal complexes in 2D matrices, vinculin was shown to interact preferentially with Hic-5 in 3D adhesions ([@B13]). Furthermore, paxillin depletion also induced robust vinculin and Hic-5--positive 3D adhesions in the resulting hypermesenchymal MDA-MB-231 cells ([@B16]). Vinculin has been shown to influence directionality and persistence in mesenchymal cells in 3D CDMs ([@B38]) and vinculin null fibroblasts exhibit a rounded morphology when plated into 3D collagen gels ([@B47]). We have now shown that in MDA-MB-231 cells, expression of a vinculin mutant (A50I) with reduced affinity for talin phenocopies Hic-5 depletion in these cells by shifting the cells to a primarily rounded morphology ([Figure 7](#F7){ref-type="fig"}). Conversely, expression of the active vinculin T12 mutant stimulated a hypermesenchymal phenotype with robust focal adhesions supporting the notion that vinculin activation as well as Hic-5 expression is required for the acquisition of a mesenchymal phenotype in 3D CDMs.

Interestingly, in contrast to Hic-5 overexpression, introduction of the active vinculin T12 mutant into the low Hic-5--expressing A375MEA-3 cells was not sufficient to generate a shift toward a more mesenchymal morphology even though it stimulated the formation of robust focal adhesions ([Figure 7](#F7){ref-type="fig"}), most likely via talin binding and subsequent clustering of active integrins ([@B31]). On the other hand, coexpression of Hic-5 with the vinculin A50I mutant in these cells blocked Hic-5's ability to promote the mesenchymal phenotype indicating that Hic-5 expression, coupled with vinculin binding and activation is required to coordinate downstream signaling to promote both Rac1-driven cell protrusions and focal adhesion formation and stabilization. Furthermore, in contrast to Hic-5, paxillin has been shown to interact with the vinculin A50I mutant at the plasma membrane ([@B13]; [@B9]), which could provide a mechanism by which paxillin stimulates focal adhesion disassembly and switching to an amoeboid phenotype in 3D ECM.

RhoA and Rac1 activity is tightly linked to 3D amoeboid and mesenchymal morphologies, respectively ([@B42]; [@B16]). Hic-5 can regulate both Rac1 and RhoA GTPase activity by interacting with several GEFs and GAPs ([@B53]; [@B51]; [@B50]; [@B62]). Additionally, tyrosine phosphorylated Hic-5 has been shown to regulate Rac1 activity to promote invasion ([@B29]; [@B36]), and our current results indicate that phosphorylation of Hic-5 is essential for Hic-5's ability to drive a mesenchymal phenotype. Moreover, the activity of Rac1 has been shown to promote a vinculin-Arp2/3 interaction that drives actin polymerization and membrane protrusions in mesenchymal cells ([@B17]; [@B60]). Interestingly, our data using the Rac1 inhibitor ([Figure 6](#F6){ref-type="fig"}) demonstrate that Rac1-driven protrusive activity is essential for Hic-5 overexpression to induce a mesenchymal phenotype in the A375MEA-3 cells. The fact that Rac1 and RhoA activity can also influence the interaction of vinculin with Hic-5 and paxillin in 2D as well as 3D matrices ([@B13]), indicates that this balance of RhoGTPase signaling and competition for vinculin by Hic-5 and paxillin represent a core component of morphological plasticity regulation. Identification of the specific GEFs and GAPs that are controlled by Hic-5 and how their expression correlates with Hic-5 expression in human tumors will likely be a productive line of future study. In conclusion, we have identified Hic-5 expression as a key determinant of cancer cell morphology and plasticity during 3D migration and thus it, in combination with the relative Hic-5:paxillin ratio, may serve as a useful predictive indicator of tumor malignancy and mode of invasion to facilitate the selection of appropriate therapeutic intervention strategies.

MATERIALS AND METHODS
=====================

Cell lines and reagents
-----------------------

The A375P and A375MEA-3 cells lines were kindly provided by Lei Xu and Richard Hynes, Howard Hughes Medical Institute (HHMI) investigator at the Massachusetts Institute of Technology. All the other cell lines used in this study were acquired from the American Type Culture Collection (Manassas, VA). A375P, MIA-PaCa-2, HT1080, A375MEA-3, and MDA-MB-231 cells were cultured in DMEM supplemented with 10% (vol/vol) fetal bovine serum (FBS), 2 mM [l]{.smallcaps}-glutamine, 1 mM sodium pyruvate, and 1% (vol/vol) penicillin and streptomycin. BxPC-3 and AsPC-1 cell lines were cultured in RPMI media, supplemented as above. All the lines have been recently authenticated and tested for contamination. Antibodies used in this study include mouse anti-Hic-5, mouse anti-paxillin (clone349, Cat\#610052; BD Biosciences, Franklin Lakes, NJ), rabbit anti-paxillin (H114, Cat\#D1615), rabbit anti-GFP (Cat\# sc-8334'; Santa Cruz, CA), rabbit anti-fibronectin (Cat\#610077) and mouse anti-vinculin (Cat\#V9131; Sigma Aldrich, St. Louis, MO), rabbit anti-FAK/PYK2 pTyr397 (Cat\#700255; Invitrogen, Carlsbad, CA), and mouse immunoglobulin G1 (Cell Signaling Technologies, Danvers, MA; [@B16]). Rhodamine-phalloidin, Acti-stain 670 (Cytoskeleton, Denver, CO), and 4'6-diamidine-2'-phenylindole (DAPI) (Sigma Aldrich, St. Louis, MO) were used to stain the F-actin cytoskeleton and nucleus, respectively. DyLight 488 and DyLight 633 conjugated anti-mouse and anti-rabbit antibodies (Thermo Fisher, Waltham, MA) were used for all immunofluorescence studies. Rac1 inhibitor NSC23766 (MilliporeSigma, Burlington, MA) was used at a concentration of 50 μM ([@B42]).

Cell-derived matrix generation, 3D migration, and plasticity analyses
---------------------------------------------------------------------

The 3D CDMs were generated using human foreskin fibroblasts as previously described ([@B16]). For live cell analyses, cells were plated onto CDMs for 4 h and then tracked live using a Nikon TE2000 microscope equipped with an environmental chamber. Images were acquired at 10 min intervals for 16 h. The cell morphology index was quantified after 8 h from movies or fixed images, by measuring the cell circularity and Feret's diameter as described previously ([@B16]). Plasticity was scored when a cell transitioned between a round and an elongated phenotype one or more times within the experimental time course. Cells undergoing mitosis were not included in the analyses.

**Preparation of** f **ibronectin-coated 1D substrates**
--------------------------------------------------------

Fibronectin-coated micropatterned lines were prepared via deep-ultraviolet illumination, as previously described ([@B49]). Briefly, a chrome-plated quartz photomask (Microtronics, Newtown, PA) was cleaned using water and wiped with Rain-X to generate a hydrophobic surface. A polyacrylamide gel mixture was polymerized for 1 h between the photomask and a silanized coverslip at room temperature. Once the gel was polymerized, the photomask was placed in an UVO-Cleaner 342 (Jelight, Irvine, CA) and illuminated with ultraviolet light for 3 min. The coverslips with gel were gently removed from the photomask and inverted over a drop of 5 mg/ml 1-Thyly-3-(3-dimethylaminopropyl) carbodiimide HCl (EDC) (ThermoFisher, Waltham, MA) and 10 mg/ml *N*-hydroxysuccinimide (ThermoFisher, Waltham, MA) solution for 15 min, and then washed with HEPES buffer (pH 8.5) and incubated with 10 μg/ml fibronectin for 1 h. The gels were then washed extensively in phosphate-buffered saline (PBS) before cells were plated.

Transfections and RNAi-mediated protein depletion
-------------------------------------------------

MDA-MB-231 cells were transfected with RNAi for 72 h before indicated experiments using oligofectamine LTX (ThermoFisher, Waltham, MA) following the manufacturer's standard protocol. RNAi oligonculeotides were used at a concentration of 0.1 μM per transfection. The RNAi sequences used were as follows: paxillin-1, 5′-CCCUGACGAAAGAGAAGCCUA-3′ and 5′-UAGGCUUCUCUU­UCGUCAGGG-3′; paxillin-2, 5′-GUGUGGAGCCUUCUUUGGU-3′ and 5′-ACCAAAGAAGGCUCCACAC-3′; Hic-5--1, 5′-GGAGCUGGA­UAGACUGAUG-3′ and 5′-CAUCAGUCUAUCCAGCUCC-3′; Hic-5--2, 5′-GGACCAGUCUGAAGAUAAG-3′ and control, 5′-ACUCU­AUCUGCACGCUGACUU-3′ and 5′-GUCAGCGUGCAGAUAGAGU­UU-3′ ([@B16]).

MDA-MB-231 and A375MEA-3 cells were transfected with GFP and YFP-tagged constructs using lipofectamine LTX (ThermoFisher, Waltham, MA), whereas the AsPC-1 and A375P cells were transfected using lipofectamine 3000 (ThermoFisher, Waltham, MA), following the manufacturer's standard protocol as indicated. Cells were spread on 2D fibronectin coverslips, into 3D CDMs, or fibronectin-coated micropatterned lines 24 h posttransfection. Quantitation of the mean fluorescence intensities of total vinculin, performed by staining with the anti-vinculin antibody in cells expressing YFP only or YFP-vinculin WT, T12, or A50I mutants indicate that the transfected constructs are expressed at approximately twofold excess over endogenous vinculin (unpublished data).

Immunofluorescence microscopy
-----------------------------

Glass coverslips were coated with10 μg/ml fibronectin in PBS for 1 h at room temperature. Cells were fixed using 4% (wt/vol) paraformaldehyde in PBS for 15 min at room temperature. Cells were then permeabilized with 1% (vol/vol) Triton X-100 in PBS for 5 min at room temperature. Coverslips were washed three times with PBS and quenched with 0.1 M glycine for 15 min. Coverslips were then blocked with 3% (wt/vol) bovine serum albumin (BSA) for 16 h at 4°C. Samples were then incubated with primary antibodies, diluted in 3% BSA (1:100) in PBS as indicated, for 2 h at 37°C in a humidified chamber. Coverslips were then washed with PBS containing 0.05% (vol/vol) Tween-20 (PBST). Coverslips were incubated with appropriate Dylight-conjugated secondary antibodies and rhodamine-phalloidin diluted in PBST for 45 min at room temperature. Cells were washed twice and then stained with DAPI before being mounted on slides. Samples were imaged using a Leica SP5 laser scanning confocal microscope and a HPX Plan Apochromat 63×/1.4 NA oil λ BL objective or a Zeiss Axioskop2 plus microscope, fitted with a Q imagin ExiBlue charge-coupled device camera using an Apochromat 63×/0.75 NA objective.

**Invasion** a **ssays**
------------------------

An inverted collagen and fibronectin invasion plug invasion assay ([@B10]; [@B37]; [@B40]) was performed as previously described ([@B16]). Briefly, transwell inserts (Corning, Corning, NY) were coated with 1 μg/ml FN for 30 min at 37°C. Cells (10^5^) were seeded and allowed to adhere for 1 h. Collagen I (PureCol; Advanced Biomatrix, San Diego, CA) was mixed with 10× MEM at a 5:1 ratio along with fibronectin at 25 μg/ml was allowed to polymerize in the transwell inserts (Corning, Corning, NY) for 1 h at 37°C in the absence of CO~2~. DMEM with 10% FBS was added to the transwells and they were placed in 1 ml of serum-free media. The transwells were incubated for 24 h and then stained with Calcein AM (Life Technologies, Carlsbad,CA) and visualized by confocal microscopy. The Matrigel invasion assay was performed as previously described ([@B58]). Briefly, 15,000 cells were plated per well into the upper chamber of the Matrigel-coated transwell insert with 0.8 μm pores (BD Bioscience, Franklin Lakes, NJ). The bottom chamber contained 10% (vol/vol) FBS-containing DMEM. Cells were allowed to invade through the chamber for 12 h. The cells on the top of each chamber were scraped with a cotton swab. The chamber was then fixed with 4% paraformaldehyde and then mounted on a slide for quantitation of GFP-positive cells.

**Proximity** l **igation** a **ssay**
--------------------------------------

Proximity ligation assays were performed according to the manufacturer's instructions using the anti-mouse and anti-rabbit Duolink PLA probes as well as the Duolink PLA detection reagents (Sigma Aldrich, St. Louis, MO). Cells were stained with Acti-stain 670 and DAPI. The discrete PLA spots per cell were counted.

**Statistical** a **nalysis**
-----------------------------

A one-way analysis of variance (ANOVA) with Dunnet's multiple comparison test was used to compare more than three sets of samples and a two-tailed unpaired Student's *t* test was applied to compare two samples. All data sets were acquired from at least three independent experiments. Data represent mean ± SEM of at least three independent experiments. \*, *p* \< 0.05, \*\*, *p* \< 0.01, and \*\*\*, *p* \< 0.001.
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